Public reporting burden for this collection of information is estimated to average 1 hour per response, Including the time for reviewing instructions, searching ewdsting data sources, gathering and mrnntaining the data needed, and completing and reviewing this collection of information. Send comments regarding this burden estimate or any other aspect of this collection of information, including suggestions for reducing this burden to Department of Defense, Washington Headquarters Services, Directorate for Information The dramatic solar storm events of April 2002 deposited a large amount of energy into the Earth's upper atmosphere, substantially altering the thermal structure, the chemical composition, the dynamics, and the radiative environment. We examine the flow of energy within the thermosphere during this storm period from the perspective of infrared radiation transport and heat conduction. Observations from the SABER instrument on the TIMED satellite are coupled with computations based on the ASPEN thermospheric general circulation model to assess the energy flow. The dominant radiative response is associated with dramatically enhanced infrared emission from nitric oxide at 5.3 gm from which a total of -7.7 X 1023 ergs of energy are radiated during the storm. Energy loss rates due to NO emission exceed 2200 Kelvin per day. In contrast, energy loss from carbon dioxide emission at 15 Am is only -2.3% that of nitric oxide. Atomic oxygen emission at 63 ttm is essentially constant during the storm. Energy loss from molecular heat conduction may be as large as 3.8% of the NO emission. These results confirm the "natural thermostat" effect of nitric oxide emission as the primary mechanism by which storm energy is lost from the thermosphere below 210 km. [t] The dramatic solar storm events of April 2002 deposited a large amount of energy into the Earth's upper atmosphere, substantially altering the thermal structure, the chemical composition, the dynamics, and the radiative environment. We examine the flow of energy within the thermosphere during this storm period from the perspective of infrared radiation transport and heat conduction. Observations from the SABER instrument on the TIMED satellite are coupled with computations based on the ASPEN thermospheric general circulation model to assess the energy flow. The dominant radiative response is associated with dramatically enhanced infrared emission from nitric oxide at 5.3 ltm from which a total of •-7.7 x 1023 ergs of energy are radiated during the storm. Energy loss rates due to NO emission exceed 2200 Kelvin per day. In contrast, energy loss from carbon dioxide emission at 15 i~mn is only ,-'2.3% that of nitric oxide. Atomic oxygen emission at 63 [Lm is essentially constant during the storm. Energy loss from molecular heat conduction may be as large as 3.8% of the NO emission. These results confirm the "natural thermostat" effect of nitric oxide emission as the primary mechanism by which storm energy is lost from the thermosphere below 210 km. 
1.
Introduction storms developed on 17-18 April and 19-20 April. The [2] In mid-April 2002, a dramatic series of flares and first peak in each storm was due to the sheath region and the three associated coronal mass ejections (CMEs) from the second to the CME itself The third CME only struck Earth Sun impacted the terrestrial environment and substantially a glancing blow on 23 April producing very mild magnetic activity. The polar cap was filled with energetic solar altered the thermal structure, chemical composition, dynam-protons and electrons for much of 7 days, starting from ics, and radiative environment of the Earth's upper atmo-17 April until well into 24 April. An intensification of the sphere. These effects were driven by the deposition of high-energy solar particle events at Earth occurred followenergy from solar particles accelerated in the flare and at shocks traveling through interplanetary space, as well as ing an X1.5 class flare on 21 April during an interval of low from magnetic activity triggered by the interaction between magnetic activity. the Earth's magnetosphere and the fast CMEs. The fast [3] The effects of these events on the neutral thennoCMEs piled up the solar wind ahead of them creating sphere were observed by the Thermosphere-Ionosphere-C s Mesosphere Energetics and Dynamics (TIMED) satellite.
shocks and sheath regions. Large double-peaked magnettc In particular, increases by factors of as much as 6 to 10 in the rate of infrared emission from nitric oxide (NO) at 5. [Mlynczak el al., 2003] led to the development of the concept 'Instituto de Astrofisica de Andalucia, Granada, Spain. that NO emission acts as a "natural thermostat" allowing the tations based on simulations of the atmospheric composition neously recording profiles of radiance (W cm 2 sr t) in its by the ASPEN general circulation model. We assess the 10 spectral channels. The time required for a single SABER total energy radiated from the thermosphere by infrared scan is 53 s, during which time the spacecraft travels about emission and investigate the energy lost from the thermo-350 km or approximately 3 degrees in latitude. The instrusphere by heat conduction. Our results based on SABER ment continuously scans the Earth limb in this mode, observations indicate that substantially enhanced emission recording approximately 1600 profiles of limb radiance in by NO is the dominant infrared response, followed by each of its 10 channels each day. The SABER scan modest carbon dioxide (CO,) emission at 15 yin. Energy approach ensures that any infrared emissions from the loss rates due to NO emission during the storm exceed atmosphere below 400 km falling within the spectral 2200 Kelvin per day near 52°S latitude. Storm-enhanced bandpasses will be observed if the signal is larger than the emission from CO 2 is found to be only 2.3% that of NO. measurement noise. Listed in Table I are relevant pararncOn the basis of results from the ASPEN general circulation ters for each of the 10 SABER channels including target model, we predict essentially no infrared radiative response emitting species, spectral bandpass, and primary science due to emission by atomic oxygen (0) at 63 pm. We also find a focus. The spectral coverage of the instrument is from 1.27 small increase in the rate of molecular heat conduction out of to 15.4 itm. the thermosphere during the stonrn. The results confirm that 17] During the solar storm events of April 2002, SABER nitric oxide truly acts as a "natural thermostat" in the observed significant radiance enhancements in the therrmoterrestrial thermosphere, providing the primary mechanism sphere at wavelengths of 5.3 [(m, 1.27 tmn, 4.3 pim, 15 pim, for storm energy to be rapidly lost from the atmosphere via and 2.0 pin. Shown in Figure 1 are single radiance profiles infrared emission. We note that the response and recovery of in these channels taken prior to the stomi on 14 April 2002 the thermosphere to geomagnetic storms has been studied and during the height of the storm on 19 April 2002. The previously [Maeda el a/., 1992; Killeen et al., 1997] with the enhancements at 1.27 and 2.0 Ima extend to altitudes at relative importance of radiation and heat conduction assessed which the radiances during quiescent times are within the by model computations. Our results here are first-time obser-measurement noise. The enhancements at 2.0 yLm are quite vations of the primary radiative components which can interesting as this channel nominally observes the 9 7 and ultimately be used to assess model physics.
8-6 bands of the OH molecule in the mesopause region [5] In section 2 we discuss the SABER observations and (80-100 ki). While it is quite likely that the enhancements the ASPEN general circulation model. In section 3 we at 15, 5.3, 4.3, and 1.27 pm are due to the target molecules discuss the derivation of the energy emitted by NO from for those channels (CO 2 , NO, CO 2 , and 02), it is unlikely the SABER limb radiance observations. The radiative that the emission in the thermosphere at 150 km is due to effects of CO 2 and 0 are discussed in sections 4 and 5, highly vibrationally excited Meinel OH bands. A candidate respectively. Heat conduction is discussed in section 6. A suggestion would be the Noxon (btEs atAg) band of O. preliminary discussion of the mechanisms responsible for However, the spectroscopy of this band [Fink el al., 1986] the enhancement of the NO emission is given in section 7. indicates only a few of its weak lines fall within the spectral The paper concludes with a summary and recommendations bandpass of this SABER channel. The origin of radiation at in section 8.
2.0 ym is as yet unexplained.
[s] From a perspective of energy flow, clearly the most 2. SABER Observations and the ASPEN Model significant observed radiative enhancement is in the emission at 5.3 p~m. Emission froln the NO molecule is known to 2.1. SABER Instrument be the major radiative cooling mechanism of the thermo-[6] The SABER instrument is a 10 channel limb-scanning sphere above about 115 km [Kockaris, 1980] . The dramatic radiometer flying on the NASA TIMED satellite. The increases in NO emission observed on a short timescalc instrument is described by Russell el al. [1999] . The (I day) by SABER have confirmed a fundamental role is primary objective of SABER is to quantify the thermal played by NO emission in ameliorating the effects of the structure and energy balance of the mesosphere and lower storm, i.e., the thermnostat effect. The observations also thermosphere [Mlynczak, 1995 [Mlynczak, , 1997 . SABER scans the indicate that CO 2 emission at 15 ltn also responds to the Earth's limb from 400 km tangent height to a height storm effects and must~be investigated for its contribution to equivalent to 20 km below the hard Earth surface, simulta-the overall thermostat effect. The SABER observations will be complemented by model analyses of emission from will be discussed in detail. They are, in order, (1) retrieval of atomic oxygen and of energy loss due to heat conduction, the vertical profile of the rate of emission of energy by the NO We now discuss briefly the ASPEN general circulation molecule (energy per unit volume per unit time) for all model and then continue with a detailed analysis of the emitting bands of NO, not just the fraction observed within SABER observations of the NO and C02 emissions. the SABER bandpass; (2) the computation of the radiative flux (energy per unit area) exiting the thennosphere for each 2.2. ASPEN Mlodel computed vertical profile of energy loss rate; (3) spatial [9] The model used here is the National Center for integration of the fluxes to achieve estimates ofinstantaneous Atmospheric Research (NCAR) Thermosphere Ionosphere radiated power (energy per time); (4) assessment of temporal Mesosphere Electrodynamics General Circulation Model variations followed by meridional and temporal integration to (TIME-GCM), which has been ported to the Southwest compute the total radiated energy locally and globally. Research Institute in San Antonio, Texas where it runs on a These are now described in detail below in sections 3.1 Beowulf computer system [Crowley et at., 1999] and is through 3.4. known as the ASPEN model. The TIME-GCM was described by Roble and Ridley [1994] and is the latest in a 3.1. Retrieval of the Volume Emission Rate of Energy series of three-dimensional (3-D) models developed at [ii] In order to analyze the SABER NO emission mea-NCAR. The ASPEN model is commensurate with the surements in terms of energy loss, we must first derive the current version of the TIME-GCM in most respects. The local rate of emission from the NO molecule as a function of inputs required by the model include the solar flux at 57 key altitude. The quantity that we wish to derive is the volume wavelengths, auroral particle precipitation, high-latitude emission rate of energy E, energy per unit volume per unit electric fields, and tides propagating up from below the time, typically erg cm-3 s-1. These are derived from the 10 hPa (10 mb) lower boundary. There are many ways to SABER limb radiance measurements. specify these inputs to the model. For simplicity, with the [12] SABER observes emission from the vibration-rotadiurnally reproducible runs presented here, the inputs to the tion bands of NO. As a diatomic molecule, NO has one model include solar flux parameterized using a fixed F 10 . 7 normal mode of vibration. The fundamental (u = I to I = 0) index of 75, which represents typical solar minimum con-band of NO is centered at 1876 cm-' or 5.3 I-Lm. SABER is ditions. The storm-time model runs are described in detail also sensitive to emission from the 2 1 and 3-2 bands of by G. Crowley forced at the lower boundary of the model using seasonal tidal amplitudes and phases derived from the Global Scale Thernospheric NO infrared emission, including the emisWave Model (GSWM) of Hagan et al. [1999] . The model is sions from high-lying states excited by these reactions, is also forced by gravity waves propagating from below. This discussed by Dothe et al. [2002] , Funke and Lopez-Puertas version of the model uses the same gravity wave drag [2000] , and Sharmia et al, [1998] . formulation and latitude dependence as the Garcia-Solomon
[13] SABER measures the infrared limb radiance emitted 2-D model [Garcia el al., 1992; Garcia and Solomon, by NO in a spectral bandpass defined primarily by the 1994]. The gravity waves add directly to the energy budget interference filter within the optical train of the instrument. and the momentum budget and also indirectly via the eddy The radiative transfer equation describing the SABER diffusion terms. The TIME-GCM has been described in measurements is given by detail by Roble [1995] 
of the mesosphere and thermosphere: 1. Solar minimum , conditions, manuscript in preparation for Journal of Geophysical Research, 2005b) .
R(z,) is the measured limb radiance (erg cm-2 sr I s-I) at tangent altitude z_, J(i, x) is the source function for infrared
Analysis of SABER Observations
emission at wave number L at point x along the line of sight, "T(V, x) is the transmittance of the atmosphere at wave [io] We conduct analysis of the SABER observations that number u between point x and the satellite, 0Tr(u, x)/Ox is will lead from the measured SABER limb radiance within the gradient of the transmittance at point x, and Lp(u) is the the spectral bandpass of the instrument at 5.3 pm to an SABER relative spectral response function. estimate of the total energy emitted by nitric oxide during [14] Fundamental to the interpretation of the SABER data the storm period. There are several steps in this process which is the assumption that the NO emission from the atmosphere and observed by SABER is in the weak-line limit of radiative transfer. In the weak line limit, absorption by 0.9 I NO (i.e., self-absorption) is minimal along the line of sight.
1
In this limit, all radiation emitted by the atmosphere in the oo number equal to m) along the line of sight at tangent altitudeWa.igh(,) zo,. In the weak line limit the emnission is independent of spectral line shape. Figure 2 . Normalized NO 5.3 iim limb radiance speetnru [is] To evaluate the validity of the weak line limit of with the SABER relative spectral response funmction radiative transfer in NO for the limb view of SABER, we overlaid. computed the limb radiance for the NO fundamental band during storm conditions and elevated NO amounts. The radiance was computed rising equation (I) with the spectral figure, there is substantial emission outside of the SABER response function set to 1.0 at all wave numbers. We also bandpass that needs to be accounted for in determining the computed the radiance with equation (1) but with the total energy emitted by NO. transmittance computation in the weak line limit, i.e., T, =
[is] The quantity ET that we desire is a vector (equiva-1-k,,*tt where k,, is the absorption cross section and u is lently a vertical profile as a function of altitude) whose the optical mass. Thre radiances agreed to better than 3% elements ET 1 are given by equation (3) but with ., equal to between 210 km and 100 km tangent height, the limits of 1.0 for all lines of NO, including those outside of the this study. We conclude from this that the assumption of nominal bandpass of" SABER. The elements Ej are then weak line radiative transfer is valid for these analyses.
given by [16] With the validity of the weak line limit of radiative transfer established, we now move to invert the radiative 6 transfer equation to derive the volume emission rates.
Equation (2) can readily be written as a matrix equation of the form Ae = r, where A is a triangular matrix containing The units of the elements E, are also energy per volume per the path lengths dxi, e is a vector of volumetric emission tm.In order to deieEfrmteaesedtrindro rates of energy (erg cm-s 1) to be determined, and r is a inversion of the SABER limb radiance profile, we define vector of measured SABER limb radiances. This matrix and precalculate an "unfilter" factor U, a vector whose equation is directly inverted by virtue of being a triangular elements u, are matrix. Upon inversion, the elements e, of vector c are given by NO molecule, we must determine the total emission rate Ej ienb at altitudej. We must adjust the elements ej to account for k.
the effects of the spectral response of the instrument and S must also include those spectral lines of NO that do not fall ua = k'g (6)
within the SABER bandpass but that nevertheless are pSJ.. o, substantial emitters of energy. To illustrate this issue, we -show in Figure 2 a computed limb radiance spectrum for NO at 135 km tangent altitude, along with the SABER In equation (6), Sr is the line strength (cm-so molecule relative spectral response function. As is evident in the cma 2 ) and JI is the source function (erg cm 2 sr s cm i) of A12S25
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April 14 2002 the zonal mean unfilter values is only a few percent of the Midnight Conditions mean. Therefore we adopt and apply only one (i.e., the rnean 3"o •of the zonal mean) value of the unfilter factor at all latitudes.
"'gif 3,
We consider altitudes below 210 km because the radiated 190 3M energy from NO is almost entirely below this altitude, as can prior calculations is that rotational non-LTE is more accurately accounted for in the present unfilter factor detennithe ith spectral line at conditions at altitudej. The source nation. It can be shown that the unfilter factor depends function is defined identically in equations (6) and (I). The strongly on the value of the rotational temperature as this summation is again over all lines and bands of the molecule. governs the relative intensity of the individual lines and
[i9] The unfilter factor of equation (6) may be computed hence their weighting by the spectral filter. This behavior explicitly by specification of the vibrational and rotational will be treated fully in subsequent publications describing temperatures (T,. and T,) for each line so that the line the SABER scientific algorithms. The results of Aflynczak et strength and source functions may be appropriately coin-at. [2003] remain unaltered by this reduction in u, at the puted for the conditions of nonlocal thennodynamic equi-highest altitudes and are in fact within the stated error librium (non-LTE) that occur in the thermosphere for NO. bounds of the original paper. The unfilter factor may also be computed by simulating the [23] To check the accuracy of the unfilter factor calculimb radiances for SABER under non-LTE conditions (with lations, we have compared values computed above with the T, and T, specified), with and without the SABER spectral response function, performing the inversions to determine the volume emission rates of energy Ej and ej, Apri 19 2002 and then computing the ratio up. We choose the latter Midnight Conditions approach of evaluating equation (5) the energy loss rates from day 109 and 104 is shown in Figure 5c . Note the change in scale between the figures. those derived from direct integration of measured NO Figure 5c illustrates the essence of the thermostat effect, emission spectra. The MIPAS instrument on the Envisat whereby the enhanced radiative emission by NO during satellite measures NO emission spectra. The unfilter factor the storm period increases the energy loss by as much as can be computed by inverting the spectra and integrating 1600 Kelvin per day at the peak energy loss rate and by over with respect to wave number, with and without including 1000 Kelvin per day over a wide range of latitudes and the SABER relative spectral response. Preliminary compar-altitudes. In Figure 5d we show a single profile of the isons show the MIPAS-derived factor to be within 3% of the maximum radiative loss rate at 52 0 N. those reactions, but since it has never entered the thermal Lud (dog) field, it cannot cool the atmosphere. Rather, the chemiluminescent emission subsequent to the reactions simply Figure 4b . Zonal mean energy loss rates (W/m') for NO reduces the heating efficiency of the reactions to some as determined from SABER limb radiance measurements, value less than unity. Under quiescent conditions the for 19 April 2002 storm conditions. Note the change in scale chemiluminescent emission is as much as 4-5% of the from Figure 4a . conditions) is about 500 K/day several days before the exiting the thermosphere due to emission from NO. Because storm on 14 April.
the profile of emission rateE accounts for radiation emitted in all directions, half of the flux exits the bottom of the 3.2. Computation of Fluxes of Radiant Energy thermosphere and half exits the top. The quantity F is the sum [27] The next step toward computing the total amount of of the upwelling and downwelling streams of radiation. energy radiated by NO during the storm period is to compute
[28] One of the key assumrptions in the computation of the the fluxes of radiant energy (energy per area per time) emitted flux is that all of the energy emitted by NO escapes the by NO in the thermosphere. The flux F (ergs cm-2 s-1) is thermosphere. In section 3.1 we showed that the absorption obtained from each vertical profile of volume emission rate along the limb view (with approximately a 2000 km of energy E 1 by integrating with respect to altitude, i.e., pathway through the atmosphere and an approximate 300 km path length through the tangent layer) was f minimal. From this we can directly infer that all radiation Figure 6. Escape functions F(z, z') for NO under stormn conditions at altitudes of 80, 100, 120, 140, 160, 180, and 200 kin. These functions indicate that photons emitted by NO at these altitudes have a high probability (>95%) of escaping the thermosphere.
the escape function for radiation, F'(z, Z'), which describes 250 W/m 2, _ l05 times larger. This comparison of the scales the probability of a photon emitted at altitude z arriving, of energy strongly suggests that while the solar storms at altitude :' before being absorbed. The escape function dramatically altered the thermosphere, they did not contain is given by the expression: substantial energy to directly alter the planetary climate or energy balance. Any such effects would have to come A (X) = 2"7R2(sin(X,) -sin(Xi )), (12) Clearly indicated is the increase in the radiated flux for days 107-111, especially at high latitudes. The maximum in-where RE-is the Earth's radius and X2 and X, are the limits of stantaneous fluxes are on the order of 2.5 x 10-3 W/m2 the latitude bins and X2 -X1 = 5 degrees. [36] We therefore estimate the energy emitted by taking the position of the SABER instrument on the TIMED the zonal average power (e.g., Figure 8 ) for all local times spacecraft. In order to derive the total energy radiated by measured by SABER and multiplying it by the length of day NO we must integrate the power with respect to time. This (86400 s) to obtain an estimate for each day of the energy presents a fundamental challenge because the SABER Es radiated in each 5 degree latitude band. We then integrate observations are essentially at fixed local times and it is Es meridionally in order to compute the total globally likely that the NO emission varies over the course of the radiated energy Er according to the relation day. The SABER observations are essentially all during twilight or night during the April 2002 storm period.
ET fE(X)cos(X)dX.
(13) Shown in Figure 9 is a plot of the local time of SABER observations as a function of latitude for day 104 and day 109 showing the SABER observations near 0500 and 1900 [37] Listed in Table 2 are the results of these estimates of local time except near the north and south limits of orbital the daily global radiated power and energy from nitric oxide coverage. SABER is able to observe two local times daily from day 104 of 2002 (14 April) through day 113 (23 April). (ascending and descending node) by virtue of continuously There are six entries in the table for each day. The first column observing infrared emission, is the radiated power for the southern hemisphere between the [34] In order to examine the possible temporal variation of equator and 52°S latitude; the second column is the power the NO emission, we have used the ASPEN simulations to between 52°S and the South Pole; the third column is the compute the total power radiated by NO in hourly time steps radiated power between the equator and 52°N. These three at each latitude, before the storm on day 104 and during the columns are derived from the SABER observations. The storm on day 109. Shown in Figure 10 are the results of these fourth column is the estimated global radiated power between simulations for two latitudes, 57°S and 22°S. As is evident, 52'N and the North Pole estimated from the ratio of the on day 104, prior to the storm, at low latitudes, there is a northern hemisphere and southern hemisphere data in the first marked diurnal variation of the NO power. On day 109, three columns. The fifth column is the sum of the first four during the storm, the effects of the storm are predicted to be columns. The sixth column is the energy in ergs obtained by so intense that the natural diurnal signal is overwhelmed. At multiplying the power in column 5 by the length of day or high latitudes the modest diurnal variation is also completely 86,400 s. changed during storm conditions.
[3s] To estimate the energy emitted as a consequence of [35] We have examined and rejected an approach to the storm, we assume that the conditions on days 104 to 106 temporally integrate the SABER data that would normalize and 111 to 113 are quiescent or background days. The SABER temporally to the ASPEN model. The only plausi-average radiated energy for these 6 days is 1.22 x 10 23 erg. ble assumption, given the paucity of SABER local time The total radiated energy for days 107 through 110 is sampling, is that the SABER power relative to the ASPEN approximately 12.5 x 10-3 erg. Subtracting the background power is constant at all local times. It can be shown 1.22 x 1023 erg for each of the 4 days leaves a total mathematically that this assumption leads simply to equat-estimated radiated energy from NO for the April 2002 storm ing SABER and ASPEN power and radiated energy, thus period of about 7.7 x 1023 erg, or equivalently 2.1 x 1036 providing no true temporal integration, photons of 5.3 pLm wavelength.
[39] The estimated amount of energy input into the upper oxygen is difficult to observe because of its relatively weak atmosphere through Joule heating and auroral dissipation is signal and the technical challenges associated with observabout 2.7 x 10 24 ergs over the storm period. This estimate is ing far-infrared emission from space-based platforms. The based on the Assimilative Mapping of Ionospheric Electro-63-pmn emission has been observed in a handful of rocket dynamics (AMIE) procedure [Richmond and Kamide, 1988] experiments [Grossman and Vollinann, 1997] , from balby combining various direct and indirect measurements loon-borne instruments [Mlvnczak et al., 2004] , and most from space-and ground-based instruments. See Lu el al. extensively from the CRISTA instrument payload that flew [1998] for more information. Our estimate of NO emission on the space shuttle [Grossman et al., 2000] . There are no accounts for approximately 28% of the storm energy.
known observations of this emission during the solar stom-1 event of April 2002. We rely on simulations of the storm event by the ASPEN model from which we compute the 4. Emission From Carbon Dioxide rates of infrared cooling to assess whether or not a thermo- [40] The other energetically significant emission observed stat effect is expected with atomic oxygen in response to the by SABER during the storm period is from carbon dioxide solar storm event.
(CO.,) at 15 pim. SABER observes emission from CO 2 at [43] To assess the existence of a thermostat effect in 15 pm in two different spectral channels, a "wide" atomic oxygen, we use ASPEN model values of kinetic channel in which emission from all of the CO 2 bands temperature and atomic oxygen abundance and compute the at 15 pin would be detected, and a "narrow" channel that vertical profile of radiative cooling at 63 pm between 100 concentrates on emission from the q-branch of the 15 ýpm and 210 kmn. The cooling rate is computed under the fundamental band. The two spectral intervals are used by assumption of local thermodynamic equilibrium (LTE) SABER in order to derive temperature according to the which is thought to hold for this transition below 300 km "two color" approach [Gille and House, 1971] for [Sharina el al., 1994] . The radiative cooling rate, expressed infrared limb sounding. To analyze the ('02 emission, in terms of K/d, is derived from the expression we choose the data from SABER channel 3, the second of two "wide" channels. As indicated in Table 1 , the oT g OF_,,4 1 (14) bandpass for this channel is 579 to 763 cm-or 17.3 to Ot C, Op 13.1 tIm. The channel is sufficiently broad and the relative spectral response is nearly equal to 1.0 over the bandpass that In equation (14), g is the acceleration due to gravity, C,, is to first order that the "unfilter factor" for this channel can be the heat capacity at constant pressure, and OF,,,,Op is the taken as 1.0. We then follow the approach as outlined above divergence of the net radiative flux. The fine structure line is for NO: weak line inversion to obtain volume emission rates not in the weak line limit of radiative transfer over much of ofenergy, vertical integration to obtain fluxes ofenergy, zonal the range in which it is important to cooling the lower averaging and integration with respect to area, meridional thermosphere. We therefore compute the radiative cooling integration, and temporal integration. We again assume that rate using the line-by-line radiative transfer code described the emission in the limb view is in the weak line limit and by Kratz et al. [1998 Kratz et al. [ , 2005 with no limiting assumptions therefore follow the same approach as for NO to determine on radiative transfer regimes. Upwelling and downwelling volume emission rates. Our experience with the SABER data fluxes and their divergences are computed based on the and the carbon dioxide amounts in the lower thermosphere ASPEN model profiles of temperature and atomic oxygen. strongly suggest that the assumption ofthe weak line radiative The heat capacity is computed appropriately for the transfer regime is valid above 105 km.
abundance of diatomic and monatomic species, and the [41] Shown in Table 3 for days 104 through 113 is the cooling rate is determined. estimate of the radiated energy from carbon dioxide. Similar [44] Shown in Figures 1 Ia and 1 lb are the zonal mean to the results for NO, we display values for the northern radiative cooling rates for midnight conditions on day 104 hemisphere and southern hemisphere observed by SABER (prior to the storm onset) and on day 109 (during the storm). and estimated values for the part of the northern hemisphere The calculated cooling rate is not large to begin with, not observed by SABER. The total global power is given as maximizing around 60 K/day at 200 km. This value is only is the estimate of radiated energy for each day. Clearly, the about 10% of the NO cooling at high latitudes under response of CO 2 is much smaller than that of NO. We quiescent conditions. In Figure lie is the difference in estimate the additional energy radiated by CO 2 during the cooling rate between days [09 and 104. As can be seen, 4 storm days to be 1.8 x 1022 ergs. This is approxi-there is not a marked difference in the cooling rate between mately 2.3% of the energy radiated by NO. We therefore the 2 days, in strong contrast to the change in the NO and conclude that although CO 2 exhibits a radiance enhance-CO 2 emissions. The change in cooling by atomic oxygen is ment, its effects in removing storm energy are quite small less than 10 K/day over most altitudes and latitudes (except relative to NO and therefore contributes only a minor approaching 20 K/day near the poles), implying a much amount to the overall thermostat effect, smaller change in energy loss rates than in NO or CO 2 , at least in an absolute sense. We therefore conclude that there 5. Emission From the Atomic Oxygen Fine is no substantial "thermostat" effect in atomic oxygen Strucremiione Fmth3
Aomic Oemission at 63 [im. Structure Line at 63 pxm [45] The effective absence of a thermostat effect in atomic
[42] Bates [1951] suggested that emission from the fine oxygen emission is explained as follows. First, the source structure line of atomic oxygen was an important radiator in function for this atomic oxygen emission is identical to the the thermosphere. local thermodynamic equilibrium in the fine structure line, vertically integrated energy loss rate (erg/s) from the The Planck function at 63 vtxm is becoming linearly proporthermosphere due to heat conduction for 15 April to 23 April tional to temperature, requiring substantial changes in derived from these simulations. We note the calculation temperature to achieve substantial changes in the source considers only molecular heat conduction and not eddy heat function and hence the emission. By comparison, NO conduction. The latter process does represent a cooling term emission is approximately 12 times more sensitive to between l60and I l0kmbutisasmallcontributiontothctotal changes in temperature than is the emission by atomic cooling. oxygen. Second, the ASPEN model predicts only modest [47] Following an approach similar to that for the radiachanges in atomic oxygen in response to the storm. Hence tive losses, we estimate the mean energy loss due to heat the amount of emitter is not changing substantially. If the conduction over this time period to be --2.35 x 10t erg/s. source function and the emitting species do not change
The variation in the energy loss rate is about 5% peak to significantly. the associated emission and cooling will not peak. There is a suggestion of an increase in thermospheric change substantially, either. On the basis of these physical energy loss from conduction for 17-20 April, but this is principles we would not expect substantial changes in the only about a 4% increase. If we assume that the suggested O-atom 63-t.m emission during the storm. The required increase during the storm period is due to increased conchanges in temperature or 0-atom arnounts are in fact so duction as a result of changes in the vertical temperature large as to be nonphysical. gradient, we compute an increase in energy conducted from the thermosphere of 3 x 1022 erg, This is approximately
6.
Energy Loss Due to Heat Conduction 3.8% of the energy radiated by NO and about 1,7 times the energy estimated to be radiated by CO 2 . Thus conduction, [46] Temperature gradients in the thermosphere are suf-while continuously occurring during the storm, does not ficiently large that molecular heat conduction becomes a significantly change but perhaps facilitates the loss of a significant mechanism by which energy is transported small amount of energy relative to NO infrared emission downward from the warmer to the cooler regions. During during the storm. the solar storm time, the thermosphere heats up greatly,
[48] In summary, we estimate energy losses of approxiwith the rate of temperature change due to the storn mately7.7 x 1023 erg due to NO emission, 1.8 x l0 2 2 ergdue increasing with altitude. Thus the lapse rate of the atmoto CO 2 emission, negligible emission from atomic oxysphere likely increases, thereby offering the potential for gen, and 3 x 1022 erg due to heat conduction. These increased levels of heat conduction in response to the losses sum to a total of 8.18 x 1023 erg, approximately storm. Using the ASPEN model, we assess the magnitude 30% of the energy estimated to have entered the upper of the changes in energy transport from the thermosphere atmosphere. We point out, however, that not all of the due to heat conduction. Shown in Figure 12 is the storm energy is dissipated in the thermosphere, as evidenced by the observed destruction of mesospheric temperature, (3) increased atomic oxygen, and (4) increased ozone [Seppdld et al., 2004] .
rates of reaction leading to more chemilurninescent emission.
[50] To evaluate the relative importance of these mechanisms, we begin by looking in the lower thermosphere 7. Preliminary Assessment of Mechanisms (below 140 km) at the NO concentrations recorded by the Responsible for NO Radiance Enhancement HALOE instrument on the Upper Atmosphere Research [49] Now that the relative importance of the three major Satellite. Shown in Figures 13a and 13b are the ratios of the infrared radiators and heat conduction in the thermosphere daily zonal mean NO concentrations measured by HALOE has been established, a key issue is to identify the mechanisms on 20 and 21 April (during the storm) to the daily zonal by which the NO radiation enhancement occurs. As mean NO concentrations measured on 9 and 10 April indicated by Mlynczak el al. [2003] , there are four mechanisms that could lead to an increase in NO emission. ..
).<r . .. (prior to the storm), in both northern ( Figure 13a ) and southern (Figure 13b ) hemispheres. The HALOE data everything else is constant. The ratio R we evaluate is given show increases in NO by factors of 2 to 8 depending by on altitude. The HALOE data also suggest an enhancemient in the northern hemisphere at 130 km that is a R= exp(-2700/r109) factor of 2 larger than in the southern hemisphere,exp( 2700/TIO) consistent with the hemispheric asymmetry observed in where T 109 and T 104 are the ASPEN temperatures on days the SABER zonal mean fluxes and power. The HALOE 109 and 104, respectively. The value of 2700 is the energy data strongly imply that changes in NO abundance are a (in K) of the NO(I-0) fundamental transition. major factor in the observed change in NO emission in
[52] Zonal mean values of R are shown for altitudes the lower thermosphere.
between 100 and 140 km in Figure 14a and between [51] In order to assess the importance of temperature 140 km and 200 kin in Figure 14b . Between 110 km and increases during the storm, we compute the ratio of the 120 knm. increases in temperature alone could increase the NO(u = 1) emission rates using ASPEN model temperatures NO emission by factors of 2 to 7. Between 120 and 140 km, from day 104 (14 April) and 109 (19 April) assuming increases in temperature could increase the emission by factors of 2 to 3. Above 140 kin the temperature changes HALOE daily zonal mean NO rattoed to Apr.9/10 average can increase the NO emission by as much as 50%. The effect 0 , ,-of temperature on NO emission is the largest where the
AP,.W10(55S-O5S)
temperature is initially the lowest. These calculations suggest that temperature increases in the lower thermosphere can , 0 -contribute significantly to the changes in NO emission while
Api,21• 4os-45S
in the upper thermosphere the temperature changes should have much less of an effect.
13D,-
[53] We consider now the two remaining potential rnech-I anisms for NO emission enhancement, atomic oxygen 12 increases and chemiluminescent emission increases. As shown above in section 5, changes in atomic oxygen predicted by ASPEN do not appear to be large (certainly 110 not factors of 2 to 8 required to achieve the observed NO emission increase). Furthennore, chemiluminescent emission, even during storm time, is never larger than the 
